Nucleotide sequences of the spacer-1, spacer-2 and trailer regions of the rrn operons and secondary structures of precursor 23s rRNAs and precursor 5s rRNAs of slow-growing rnyco bacter ia Yuan- The single ribosomal RNA (rrn) operons of slow-growing mycobacteria comprise the genes for 165, 235 and 55 rRNA, in that order. PCR methodology was used to amplify parts of the rrn operons, namely the spacer-1 region separating the 165 rRNA and 235 rRNA genes and the spacer-2 region separating the 235 rRNA and 55 rRNA genes of Mycobacterium avium, Mycobacterium intracellulare, 'Mycobacterium lufu ' and Mycobacterium simiae. The amplified DNA was sequenced. The spacer-2 region, the 55 rRNA gene, the trailer region and the downstream region of the rrn operon of Mycobacterium tuberculosis were cloned and sequenced. These data, together with those obtained previously for Mycobacterium leprae, were used to identify putative antitermination signals and RNase 111 processing sites within the spacer4 region. Notable features include two adjacent potential Box B elements and a Box A element. The latter is located within a sequence of 46 nucleotides which is very highly conserved among the slow-growers which were examined. The conserved sequence has the capacity to interact through base-pairing with part of the spacer-2 region. Secondary structures for mycobacterial precursor 235 rRNA and for precursor 55 rRNA were devised, based on sequence homologies and homologous nucleotide substitutions. All the slow-growers, including M. leprae, conform to the same scheme of secondary structure. A putative motif for the intrinsic termination of transcription was identified approximately 33 bp downstream from the 3'-end of the 55 rRNA gene. The spacer-1 and spacer-2 sequences may prove a useful supplement to 165 rRNA sequences in establishing phylogenetic relationships between very closely related species. The EMBL accession numbers for the nucleotide sequence data reported in this paper are X74056X74063 and X75599-X75602. (Shepard, 1960; K'inder & Rooney, 1970). Although ribosome biosynthesis is essential to cell proliferation, the strategy (or strategies) used by slow-growing mycobacteria to control the production of new ribosomes is not known. One facet of this strategy is the regulation of the biosynthesis of rRNA. The slow-growing mycobacteria have a single rRNA (rm) operon (Bercovier et a/., 1986) comprising genes for the rRNA family in the order 16s rRNA, 23s rRNA and 5s rRNA (see Fig. 1 ). The operon is transcribed as a single unit (precursor rRNA or prerRNA) which is cleaved by RNases to precursors of 16s rRNA (pre-16s rRNA), 23s rRNA (pre-23s rRNA) and 
INTRODUCTION
The EMBL accession numbers for the nucleotide sequence data reported in this paper are X74056X74063 and X75599-X75602. (Shepard, 1960; K'inder & Rooney, 1970) . Although ribosome biosynthesis is essential to cell proliferation, the strategy (or strategies) used by slow-growing mycobacteria to control the production of new ribosomes is not known. One facet of this strategy is the regulation of the biosynthesis of rRNA. The slow-growing mycobacteria have a single rRNA (rm) operon (Bercovier et a/., 1986) comprising genes for the rRNA family in the order 16s rRNA, 23s rRNA and 5s rRNA (see Fig. 1 ). The operon is transcribed as a single unit (precursor rRNA or prerRNA) which is cleaved by RNases to precursors of 16s rRNA (pre-16s rRNA), 23s rRNA (pre-23s rRNA) and t 'The strain was kindly provided by Dr S. R. Pattyn, Institute of' Tropical Medicine, Antwerp, Belgium.
5s-rRNA (pre-5S rRNA). Mature rRNA species are derived from the precursors by further RNase treatment. Thus, correct processing reactions are essential for the synthesis of mature rRNA.
Previously we described the promoter region of the rrn operon of M. leprae (see also Sela & Clark-Curtis, 1991) and M . tubercdosis (Kempsell et al., 1992; Ji e t al., 1994) , and identified the site for the start of transcription (Ji et a/., 1994) . Also, the nucleotide sequences of the leader and spacer-la regions of the rm operon (see Fig. 1 ) were obtained for eight pathogenic mycobacteria. These data were used to identify a common scheme of secondary structure for pre-16s rRNA (Ji e t al., 1994) .
This report describes further analysis of the rrn operons of
Alju-obacterium avium, Mycobacteritrm intracelalare, ' Myco-
Iiacterimi Iufu', which is as sensitive to diamino diphenyl sulphone as M. leprae (Portaels, l980) , a strain of i2Qcobacterium simiae which is as effective as M. leprar in protecting mice against infection with M. leprae (Singh e t al., l989) , M . tzhercu/osis and M . leprae. The results provide insight into the primary and secondary structures of pre23s rRNA, pre-5S rRNA and the trailer regions of prerRNA.
METHODS
Materials. All general chemicals were of analytical grade.
Polynucleotide kinase and T, ligase were supplied by Pharmacia.
Sequenase (USB) sequencing kit was purchased from Cambridge Biosciences.
[3"S]dATP-aS and [ Y -~~P ] A T P were from Amersham. Geneclean kit was purchased from BiolOl. AmpliTaq DNA polymerase was supplied by Perkin Elmer Cetus. Oligonucleotide primers were prepared with an automated D N A synthesizer (model 370A, Applied Biosystems).
Bacterial strains and cultures. Mycobacterial strains are listed in Table 1 , together with an indication of the growth rate. All mycobacterial cultures were maintained on Lowenstein-Jensen agar slopes and grown for use in liquid culture at 37 "C in modified Dubos medium (Dubos & Davis, 1946) . To modify nipcobacterial cell walls for subsequent genomic D N A isolation, glycine was added to 200 mM after 2 weeks growth and incubation continued for a further 2 weeks, after which time the cells were harvested. Other bacterial cells were grown on LB medium (Maniatis e t al., 1982) at 37 OC. Competent cells o f Escherichia coli strain DH5aF' were used for transformation with the recombinant plasmids pUC8, pUC18 and pBluescriptI1 KS (Ji etal., 1994) .
Isolation of DNA.
Late-exponential-phase cells were harvested and washed twice in 50 mM Tris/HCl, 10 mM EDTA, 0.3 hZ sucrose and resuspended in the same buffer at 1 g wet wt cells per 10 ml. Lipase (type VII, Sigma) and lysozyme (egg white, Pharmacia) were added to give a final concentration for each of 2 mg ml-' and the reaction mixture was kept at 37 OC for 2 h. The cells were centrifuged and resuspended in 6 M guanidinium chloride, 0.1 % (v/v) Tween 80, 10 mM EDTA, 1 mM 2-mercaptoethanol and left at -20 OC for 16 h. An equal volume of chloroform was added to the suspension and mixed vigorously. After centrifugation the supernatant was removed to a fresh tube, overlaid with 2-5 vols ice-cold ethanol and mixed by inversion. The D N A precipitate was recovered by centrifugation and washed with 7 0 % (v/v) ethanol. This was then resuspended in 10 mM Tris/HCl (pH 7.6), 10 mhi EDTA, 100 mM NaCI, 1.0% (w/v) SDS, 0.5 mg proteinase K ml-' at 37 OC for 4-6 h. The SDS was removed by incubation at 4 O C for 2 h then centrifugation. The supernatant was subjected to two rounds of chloroform extraction; the D N A was then precipitated and resuspended in T E buffer by conventional means.
DNA polymerase chain reaction (PCR)
. Bacterial DNA (1-100 ng) was subjected to PCR in a total volume of 50 pl, with 1 unit of Taq polymerase (Advanced Biotechnologies), 50 mhl KC1, 10 mM Tris/HCl pH 8.3, 1.5 mM MgCl,, 0.01 YO gelatin, 100 pmol of each of two appropriate primers and 200 pM of each d N T P (dATP, dCTP, dGTP, dTTP). The 50 pl mixture was covered by 50 pl light mineral oil. The relevant gene fragment coding for spacer-1 was synthesized using primer combination 1 (5'-GCC AAG GCA TCC ACC ATG C-3'; and 5'-ATT GAC G G G G G C CCG CAC AAG CG-3') as described by Ji et al. (1994) . The gene fragment coding for spacer-2 was synthesized using primer combination 2 (primer S2-1, 5'-CCA G T T CTC TCA CCA GGG G-3'; and S2-2,5'-CAC ACA CAT CGC AAC CAC-3'). The target for primer S2-1 is a sequence located approximately 210 bp upstream from the 3'-end of the hlycobacterial pre-rRN A Fig. 2 ). Amplification was achieved using 36 cycles. The reaction mixture was heated to 94 "C for 1 min, kept at 58 "C for 1 min, then heated to 72 "C for 2.5 min, and this cycle was repeated 35 more times. Finally, the solution was heated to 94 OC for 15 s, then kept at 58 "C for 1 min and at 72 OC for 5 min.
PCR cloning. The products of PCR were separated by agarose gel electrophoresis. DNA was recovered from the gel by using glass milk (Vogelstein & Gillespie, 1979 
RESULTS
T h e scope o f this investigation a n d the sequencing strategies are summarized in Fig. 1 . Sequence data were obtained for the 3'-end o f 16s r R N A , the spacer-1 region, the 5'-and 3'-ends o f the 23s r R N A gene, the spacer-2 region and the 5'-end o f the 5s r R N A gene. T h e species studied were M . ai'z'mv, 111. intracelldare, ' M . lzlfti' and M.
DNA sequencing. At least three colonies from the Same ligation reaction were selected for study. In each case the sequence of the inserted DNA was determined by standard procedures using the dideosy chain-termination method, as described by Ji et a/.
The nucleotide sequence Of the spacer-1 region and the 5'-end of23S r R N A o f t h e rrtz oPeron Of tztbercuLosis H~~R v was reported PreL'iOuslj' (Kempsell e t al-, 1992) .
Further sequence data were obtained for this myco- bacterium downstream from the 3'-end of 23s rRNA, namely the spacer-2 region, the 5 s rRNA gene, trailer and 3' flanking sequences.
The sizes of the spacer-1, spacer-2 and trailer regions are summarized in Table 2 . The sequence data, which are summarized in Fig. 2 , together with data for the leader and spacer-la sequences obtained previously (Ji et a/., 1994) , provide an overall view of the r m operons. Nucleotide positions are related to the start of transcription. The relevant sequences of the rrn operon of Al.
leprue (Liesack e t d., 1991) are included for comparison.
Spacer-1
The nucleotide sequence of spacer-1 was obtained for Ad. aviztnz, M . intracelldare, 'nil. lztfzt' and M . simiae by amplification of genomic DNA using an appropriate primer combination (see Fig. 1 and Methods). These data are presented in Fig. 2 together with the previously published sequences of M. tztberctllosis (Kempsell e t a/., 1992) , nil. 110i~i.r (Suzuki et a/., 1989) and M. leprae (Liesack e t d., 1991) . All the sequences conform to a general pattern which is described below.
Elements important to transcription
The efficiency with which the r m operon is transcribed is influenced by antitermination signals which govern the response of RNA polymerase to potential pause sites and rho-dependent terminator sites. Three antitermination elements, Box A, Box B and Box C, were first identified in bacteriophage A and were later found in the leader and 
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Spacer-2 region
The spacer-2 region of the species studied ranges in length from 77 to 92 nucleotides (see Table 2 ). The 5'-end is marked by the conserved sequence (nucleotides 5142-5146) 5'-ACACA-3'. The following ten nucleotides (5149-51 58) are highly conserved and are complementary to nucleotides 1956-1965 of the spacer-1 region, as shown in Fig. 4 . Nucleotides 5164-5196 include a stem-loop structure, helix S2-1 (see Fig. 4 ), which is either very close to, or interrupts, sequences complementary to the Box A element of the spacer-1 region (nucleotides 1936---1947 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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The trailer region of the rrn operon
The trailer region extends from the 3'-end of the 5 s rRNA gene to the 3'-end of the transcribed region of the operon, which is marked by the location of a putative intrinsic transcription terminator (for review see Richardson, 1993) . The mechanism proposed for intrinsic termination is based on the assumption that the 3'-end of the nascent RN.4 is kept attached to the replicating complex by approximately 12 base-pairs formed between the 3'-terminal residues of nascent RNA and the template strand of DNA. Two factors may combine to diminish the interaction between the nascent RNA chain and template DNA so that the RNA chain is released and transcription is terminated (Von Hippel & Yager, 1991) . The first factor is that residues which would otherwise interact with the template strand of DNA become involved in a competing reaction to form an intramolecular stem-loop structure. This is apparent from the D N A sequence as a region of interrupted dyad symmetry. The second factor is the relative weakness of the d A . rU base-pair, so that a run of A residues on the template strand signifies a region of comparatively weak binding between nascent RNA and template DNA. Intrinsic termination takes place when both factors reinforce each other. A putative intrinsic terminator is located within residues 12-33 downstream from the 3'-end of M . tztbercztlosis 5 s rRNA, suggesting a trailer sequence of 33 nucleotides (see Table  2 , Figs 2 and 5) . A homologous intrinsic terminator of transcription, allowing for C+ U transitions, is located within the 32 bp sequence flanking the 3'-end of the 5 s rRNA gene of 211. leprae (see Figs 2 and 5 ). This element may have reduced efficiency as a terminator because the two G + U wobble base-pairs lower the stability of the competing stem-loop structure and so diminish its ability to destabilize the transcription complex.
Sequences flanking the 3'-end of the r m operon
The sequence which was established for the 58 nucleotides downstream from the end of transcription of the rrn operon of M . tztbercztlosis (see Fig. 2 ) has no obvious similarities with the corresponding region of M . leprae.
Secondary structure of pre-rRNA
A scheme for the secondary structure of pre-rRNA extending from the start of transcription to the 3'-end of spacer-la was described previously (Ji e t a/., 1994) . Sequences for pre-rRNA were inferred from the gene sequence data (Fig. 2) extending from the 5'-end of spacer-lb [nucleotide 1816 (S130)I to the end of transcription [nucleotide 5435 (T32)]. The inferred sequences were used to devise a scheme of pre-rRNA secondary structure which may apply generally to slow-growing mycobacteria. This scheme is illustrated in Fig. 6(a) for 211. tztbercztlosis pre-rRNA and in Fig. 6(b) for M . leprae prerRNA. Both M . tztbercztlosis and Ad. leprae 5s-rRNAs fit the minimal model (Walters & Erdmann, 1988) .
The principal features of the scheme are described below. The sequences from the potential Box B,' and Box B," elements each form a stem-loop structure. The long stem region comprises approximately 40 base-pairs which are formed between the highly conserved 40 nucleotide stretch of spacer-1 b and two conserved regions of spacer-2. One of these two regions has a run of six consecutive C residues which forms base-pairs with a G-rich section of spacer-1 b. Helix S2-1, formed between segments of spacer-2, is located towards the middle of the main stem. Following the main stem, spacer-1 b sequences form helix S1-5, which is stabilized by 20 base-pairs; this is followed by the short A-U-rich helix S1-6.
The 5'-end of 23s rRNA is marked by the bulge S1-1 and the 3'-end is marked by a sequence of alternating A and C residues. These two regions contain complementary sequences with the potential to interact in the tertiary structure of pre-rRNA. The spacer-2 sequences form two stem-loop structures: one, helix S2-1, is close to the centre of the main stem and the other, helix S2-2, is Fig. 6 . A scheme for the secondary structure of mycobacterial pre-rRNA downstream from the 3'-end of spacer-la. (a) M. tuberculosis; (b) M. leprae. The scheme is supported by sequence homologies (see Fig. 2 ). The sequences correspond t o position 1880-5376 (Fig. 2) . 51-130 etc. and S2-10 etc. refer t o positions within spacer-1 and spacer-2 respectively (see Fig.  2 ). Stem-loop structures are numbered consecutively starting from the 5'-end; T indicates trailer sequences. The minimal model for 55 rRNA secondary structure (Walters & Erdmann, 1988 ) was used. Table 3 . Base-pair formation in pre-rRNA secondary structure (see Fig. 6 Details of the secondary structure for pre-rRNA of Al.
tztbercttlosis pre-rRNA (Fig. 6a ) helix S2-2, which is leprae and M . tzherctrlosis are compared in Table 3 . The stabilized by two A-U base-pairs and 1 G-U base-pair, notable difference lies in the reduced number of G-C basehas marginal stability. The secondary structure of the pairs and a corresponding increase in the wobble G-C' trailer region was derived from an analysis of the putative base-pair in M . leprae compared with M . fztberculosis. It is termination process.
known that G-C base-pairs are more stable than G-U IL1 yco bacterial pre-rR N A base-pairs, which neither stabilize nor destabilize a helix (see for example Ninio, 1979 
DISCUSSION
Previously, we identified promoter elements, the site for the start o f transcription, and antitermination elements in the leader region of the rrn operon of slow-growing mycobacteria (Kempsell e t al., 1992; Ji e t al., 1994 ). The re s u 1 t s p re sent ed above p r ov i d e in for mat i on about spacerlb, the 5'-and 3'-ends of the 23s rRNA gene, spacer-2, the 5 s rRKA gene and the termination of transcription. The transcribed region of the operon comprises approximately 5.4 kbp (Fig. 2) . The organization of the three rRNA genes into one operon is one way of ensuring that mature 16s rRNA, 23s rRNA and 5s rRNA are synthesized in equimolar amounts. This strategy requires that the transcription process is highly efficient ; that is, a complete copy of the operon should be produced each time transcription is initiated, and the transcript should be efficiently processed.
The efficient transcription of the rrn operon requires that once the D N A-dependent RNA polymerase complex is formed at the initiation site it moves along, and remains attached t o the template strand of D N A until the termination signal is reached. Antitermination elements assist in this process. As described above, the mycobacterial t w operon has two sets of antitermination elements. One set is found in the leader region and the other is located in the spacer-lb region of the operon. This arrangement of antitermination elements is widespread among both Gram-positive and Gram-negative bacteria (Berg et al., 1989) . One example, the rrnC operon of E. coli, has been investigated more intensively than others (Berg e t ul., 1989; Nodwell & Greenblatt, 1993) and the pattern reported for this operon is a motif which appears to have been conserved in evolution. The Box A, and Box A, elements of the rrnG operon differ in the penultimate nucleotide position : an A residue replaces a C residue. As mentioned above, this change does not diminish the capacity of Box A, RNA to bind the proteins NusB and S10. Hence, protein S10 influences the transcription of the rrnG operon at two sites, one of which is located in the leader and the other in the spacer-lb region of the operon.
The mycobacterial Box A, element has the sequence 5'-TGGTGTTTGAGT-3' in five mycobacteria and the sequence 5'-TGGTGTTTGAGA-3' in ill. tztbercztlosis.
The significance of this change in one nucleotide position has yet to be established. It is possible that both sequences recognize the same combination of protein factors.
The mycobacterial Box A, sequence differs from the Box A, sequence in position 3: a G residue replaces a T residue. One or two differences in the nucleotide sequence of Box A, and Box A, appear to be the rule (Berg etal., 1989) . O n the basis of the assumption that the rrnG operon of E. coli is representative of bacterial rrn operons in general, it is likely that antitermination function of the mycobacterial Box A, element is regulated by a ribosomal protein (probably SlO), which may also interact with Box A,. It is clear that the r m operons of the slow-growing mycobacteria which we have studied, including 111. leprae, share the same mechanisms for antitermination.
The involvement of the ribosomal protein S10 in the control of the expression of the r m operon is significant because it links rRNA biosynthesis with ribosomal protein synthesis. The gene for S10 is one of the genes of the S10 operon of E. coli which encodes 11 ribosomal (both S-and L-) proteins. This operon is autogenously controlled: protein L4, the product of the third gene of the operon, represses the expression of all eleven genes when its accumulation exceeds the available binding sites on 23s rRNA (Lindahl & Zengel, 1979; Zengel e t al., 1980) . The details of the mechanism operating in mycobacteria need to be elucidated.
Processing pre-rRNA
Mature rRNA species are produced from pre-rRNA by the action of a number of different RNases (for review see Apirion & Miczak, 1993) . Early cleavages produce precursors of the mature species : namely, pre-16s rRNA pre-23s rRNA and pre-5S rRNA (see Fig. 1 ). It is not feasible to study the maturation process directly because the ratio pre-rRNA/rRNA in the RNA fraction is unfavourable owing to the slow growth of the bacteria and the rapid processing of pre-rRNA (Ji e t a/., 1994). However, some insight into processing may be gained from the scheme for secondary structure (Fig. 5 ) which completes the putative secondary structure of pre-rRN A based on phylogenetic considerations.
Potential RNase 111 recognition sites were identified by their homology with known sites. These sites are located in the stem formed by the interaction between complementary sequences of the spacer-1 b and spacer-2 regions (Fig. 5) . Cleavage of 211. tztbercztlosis pre-rRNA at this site would generate pre-23s rRN A comprising mature 23s rRNA extended by 84 nucleotides upstream from the 5'-end and by 22 nucleotides downstream from the 3'-end.
Little is known about further RNase reactions which generate mature 23s rRNA. The proposed secondary structure suggests that bulge-S1, and the sequencc. 5'-ACACACA-3', are implicated in the generation of the 5'-and 3'-ends, respectively, of mature 23s rRNA.
RNase E is implicated in the production of pre-5S rRNA and its recognition site has the consensus sequence 5'-(A/G)AUC(A/C)-3' (Ehresmann e t a/., 1992). One potential RNase E site is located in spacer-2 downstream from the main stem and upstream from the 5'-end of mature 5 s rRNA (Figs 2 and 6 ). Cleavage at this site would generate hl. tztberczdosis pre-5S rRN A comprising mature 5 s rRNA extended by 11 nucleotide residues upstream from the 5'-end and 33 nucleotide residues downstream from the 3'-end of mature 5 s rRN h to the 3'-end of the pre-rRNh transcript. The rrnO operon of €3. szhtilis appears to be cleaved in this way (Ogasawara et a/., 1983) , generating pre-5S rRN A which has homologies with the putative product of the mycobacterial rrn operon. hl. leprae has two potential RNase E cleavage sites within close proximity (Figs 2 and 6b) .
Comparison of mycobacteria with other species
Pre-rRNAs have several features in common but they are also characterized by much diversity, as may be seen from the size of spacer-1 and its organization into spacer-la and spacer-lb sections (see Table 2 ). For example, the mycobacterial rrit operon has many features in cotnmon with the rrnO operon of B. sztbtilis (Ji e t a/., 1994) .
However, the latter has two tRNA genes located between spacer-la and spacer-1b ( Table 2) . As shown previously for pre-16s rRNA (Ji et a/., 1994 ; and see Figs 2 and 6 above) the mycobacterial rrn operon has a number of distinctive features that are apparent in pre-rRNA and which are helpful in identifying members of the family of slow-growing mycobacteria, and in distinguishing one mycobacterial species from another. For example, the leader and spacer-la sequences suggest that ' M . /$!fit' is a close relative of hl. auiztm and Ad. intrace//dare (Jt e t a/., 1994) and the data for spacer-lb and spacer-2 (see Fig. 2 ) provide further evidence for this relationship.
Finally, the progress made in identifying the principal features of the rrn operon and its transcript pre-rRNA of iZ1. tttlirrculosis, 211. leprae and other slow-growers provides a basis for comparison with the rrn operons and the prerRNA transcript of fast-growers. A comparison of this kind may reveal features of the rrn operon which are associated with the slow growth of the pathogens.
